The fumonisin (FB) mycotoxins induce liver injury in all species but induce fatal pulmonary edema (PE) only in pigs. They inhibit ceramide synthase in the sphingolipid biosynthetic pathway. To study the pathogenesis of PE, we examined the early events in the development of FB-induced PE and hepatotoxicity in pigs. Pigs were fed FB-contaminated culture material at 20 mg fumonsin B 1 (FB 1 )/kg body weight/day. Groups of 4 pigs were to be euthanatized on 0, 1, 2, 3, 4, or 5 days after initial exposure to FB or when PE developed. Pigs developed PE beginning on day 3; none survived beyond day 4. Progressive elevations in hepatic parameters, including serum enzymes, bile acids, total bilirubin, and histologic changes, began on day 2. Early histologic changes in the lung (day 2) consisted of perivascular edema followed by interlobular and peribronchial edema. Ultrastructurally, alveolar endothelial cells contained unique accumulations of membranous material in the cytocavitary network beginning on day 2. Marked elevations in sphinganine, sphingosine, and their ratio began on day 1 for all tissues whether affected morphologically (lung, liver) or not (kidney, pancreas). The membranous material in endothelial cells may be accumulations of sphingoid bases with damage to the cytocavitary network. Thus, FB induces early elevations in sphingolipids and hepatic injury, followed by alveolar endothelial damage, which may be the critical event in the pathogenesis of PE in pigs.
INTRODUCTION
Fumonisins are mycotoxins produced by Fusarium moniliforme and other Fusarium sp. which commonly contaminate corn. Fatal diseases resulting from feeding com contaminated with this fungus include equine leukoencephalomalacia (14) and porcine pulmonary edema (PPE). Outbreaks of PPE related to feeding F. moniliforme-contaminated corn screenings from the 1989 corn crop were reported from Georgia (9) , Iowa, and Illinois (20) . The disease has been reproduced experimentally not only by feeding corn screenings from the affected farms to pigs (9, 11, 19, 20) but also by feeding F. moniliforme culture material (3) and by iv administration of purified fumonisin BI (9, 11) . Pulmonary edema consistently develops 4-6 days following initiation of exposure to high concentrations of fumonisins, with pigs dying within several hours following onset of respiratory distress. Fumonisin-induced pulmonary edema has not been reported in any other species. However, hepatotoxicity is a consistent lesion identified in all species exposed to fumonisins.
The backbone of the fumonisin molecule resembles that of the sphingoid bases, sphinganine and sphingosine, 2 important precursors of sphingolipids. Sphingolipids are essential components of cell membranes, and sphingoid bases play an important role in signal transduction. Fumonisin B1 (FB1) inhibits sphinganine (sphingosine) Nacyl transferase, a critical enzyme in the biosynthesis of sphingolipids (32) . Fumonisin exposure in vivo increases the concentrations of sphinganine and sphingosine and the sphinganine: sphingosine ratio, in serum and tissues of pigs, horses, rats, and rabbits (7, 10, 23, 24, 33) . These alterations have been documented in the lungs of pigs nil r>hhit< folloBXllno-pynn<iirp to fnmonl<;;:ln<;;: irmimn ~nr1 in porcine lung slices and porcine pulmonary artery en-] dothelial cells following exposure to FB 1 in vitro ( 10, 12, i 22) . Recent studies in vitro suggest that fumonisin-in-, duced alterations in sphingolipid biosynthesis in porcine ; pulmonary artery endothelial cells lead to increased permeability of the cell layer (22) . Whether these alterations in sphingoid bases play a role in pulmonary edema in pigs is unknown. The purpose of this study was to elucidate the pathogenesis of fumonisin-induced pulmonary and hepatic toxicity by determining the sequence of events in the development of pulmonary and hepatic lesions. Furthermore, these changes were correlated with each other and with alterations in sphingoid bases.
MATERIALS AND METHODS
Animals and Experimental Design. Twenty-four male weanling (8) (9) (10) (11) kg) pigs were obtained from the University of Illinois Swine Research Farm and housed individually. Pigs were acclimated for 5 days, during which time they were fed ad libitum a nutritionally balanced pelleted diet and water. On the fifth day of acclimation, pigs were weighed and a blood sample was obtained from the jugular vein. Two consecutive cohorts of 12 pigs each were divided into 2 groups of similar weight (&dquo;high&dquo; and &dquo;low&dquo;). The day of euthanasia was randomly assigned to pigs within a block, and pigs were treated with fumonisin. Pigs were euthanatized with an overdose of pentobarbital ip (Euthanasia-5 Solution, Henry Schein, Port Washington, NY) on days 0, 1, 2, 3, 4, or 5 or when clinical signs of respiratory distress developed (Table I) . Pigs euthanatized on day 0 (unexposed) served as controls. Pigs were monitored every 4 hr to assess appetite, attitude, urinary/fecal output, and respiratory effort and rate. Animals that developed severe respiratory distress were euthanatized and if necessary reassigned to the group corresponding to the time of euthanasia (Table I) . At necropsy, pigs and their livers were weighed. Selected tissue samples were collected for morphologic evaluation. Samples of lung, liver, kidney, and pancreas were frozen at -70°C for sphingolipid analysis. Fumonisin Dosing. Fusarium moniliforme MRC 826 com culture residue (34) containing 6.91 mg of Fob 1/g and 1.21 mg of fumonisin Big was used to dose the pigs. Culture material was analyzed as previously described (28) . Aflatoxins Bi, B2, GI, and G2, ochratoxin, zearalen-)1, deoxynivalenol, diacetoxyscirpenol, zearalenone, and r-2 toxin were not detectable in the culture material. Pigs vere fed a pulmonotoxic dose of culture material conaining a total of 20 mg FB,/kg body weight/day divided nto 2 doses. The culture material was ground with a nortar and pestle, mixed with strawberry jam and a small imount of the swine diet, and then fed. Pelleted diet was offered when all of the culture material was consumed. rhe pelleted com diet did not contain detectable levels 3f fumonisin (detection limit 2 ppm). Any remaining food was removed after 1 hr. Clinical Pathology. Serum was analyzed using an au-:oanalyzer (Hitachi 704 Automated Chemistry Analyzer, Boehringer Mannheim Diagnostics, Indianapolis, IN) for the following: alkaline phosphatase (ALP), aspartate aminotransferase (AST), gamma glutamyl transpeptidase (GGT), and sorbitol dehydrogenase (SDH) activities, and cholesterol, total bilirubin, direct and indirect bilirubin, and bile acid concentrations.
Pathology and Lung Weight Determination. The liver volume was obtained by volume displacement (26) . Similarly sized pieces of fresh lung were obtained from the anterioventral aspect of the right middle lobe and the middorsal aspect of the right caudal lobe to determine the wet/dry lung weight ratio. The 2 pieces were weighed separately, dried for 36 hr in a convection oven at 115°C, and reweighed.
Selected tissues (lung, liver, kidney, pancreas, adrenal gland) were immersion fixed in 10% neutral buffered formalin for histopathology, and the right cranial lung lobe was fixed by intrabronchial instillation of formalin. Fixed tissues were processed routinely, and 2-3-)JLm paraffinembedded sections were stained with hematoxylin and eosin. Tissues were examined without knowledge of treatment group, and lesions were recorded and scored.
For electron microscopy, the left lung was fixed by intravascular perfusion. The trachea was intubated and the left lung inflated with air at 12 mm Hg pressure. The pulmonary artery was then cannulated through the right ventricle, and the lung was perfused with heparinized saline (10,000 U heparin/L) by gravity at a height of approximately 40 cm (18) . The lungs were then perfused with modified Karnovsky's fixative (4) for approximately 20 min and immersed in the fixative for several days.
Randomly sampled blocks were processed and viewed as described previously (21) .
Quantification of Lung Edema. Sections from the right cranial lung lobe were evaluated and assigned a histologic score based on the extent and severity of pulmonary edema. Edema was characterized by widening of connective tissues around airways and vessels, widening of interlobular septa, and dilation of lymphatics. One section per pig was evaluated at X 100 magnification, and scores were assigned as follows: 1 = no evidence of edema; 2 = mild perivascular edema; 3 = both perivascular and interlobular edema; 4 = moderate perivascular and interlobular edema and peribronchial and peribronchiolar edema ; 5 = severe edema of perivascular, peribronchial, peribronchiolar, and interlobular connective tissues and edema of the lamina propria of bronchi or bronchioles.
Quantification of Hepatic Alterations. At necropsy, 5 -Effects of fumonisin on selected liver-associated serum chemistry parameters<' in pigs fed fumonisin-containing culture material at a dose of 20 mg FB,/kg. a Mean (range). b -= without pulmonary edema; + = with pulmonary edema; ± = with and without pulmonary edema. ** p < 0.001. areas of the liver were sampled randomly for histologic evaluation. Three lobules of similar size were chosen randomly in each section for scoring, and a total of 15 lobules were scored per pig. The presence and severity of hepatocellular swelling, apoptosis or necrosis, and mitoses were determined at X400 to assign scores to each lobule as follows: I = no remarkable changes; 2 = hepatocellular swelling and mitotic figures; 3 = as 2, with 1 or 2 apoptotic or necrotic cells per lobule; 4 = as 2, with 3 or 4 apoptotic or necrotic cells per lobule; 5 = as 2, with more than 4 apoptotic or necrotic cells per lobule. An average score based on the scoring of 15 lobules was assigned to each pig, and the group averages used (see Table III ). The hepatocyte mitotic index was determined by evaluating approximately 2,000 hepatocyte nuclei per pig. Random fields from sections of the right median and left lateral liver lobes were examined at X200 magnification for each pig. The index was expressed as a percentage of hepatocytes in mitosis per total number of hepatocyte nuclei counted. Sphingolipid Analysis. The concentrations of sphinganine and sphingosine in the lung, liver, and kidney were determined using a modification of the method described by Riley et al (25) . Briefly, tissues were homogenized in 4 volumes of potassium phosphate buffer (pH 7.3) using a Brinkman polytron homogenizer (Brinkman Instruments, Westbury, NY). Triplicate aliquots containing 4-40 mg of tissue (weight depending on the relative amount of sphingosine and sphinganine expected) were extracted with chloroform-methanol for 1 hr at 37°C, with 200 pM C:20 sphinganine added as an internal standard. Extracts were centrifuged, washed with alkaline water, dried through Na,S04 columns, and evaporated to dryness under nitrogen. Dried samples were suspended in KOH in chloroform-methanol, hydrolyzed for 1 hr at 37°C, and then washed and dried as described by Riley et al (25) . For analysis by high performance liquid chromatography (HPLC), samples were suspended in 200 ~.1 (controls) or 450 ~1 (FB-treated) running buffer (90% methanol, 10% 5 mM potassium phosphate buffer, pH 7.3), sonicated until dissolved, derivatized with 50 ~.1 ophthaldialdehyde reagent, and centrifuged. The supematants were stored overnight at 4°C and analyzed the following day for sphinganine, sphingosine, and C:20 sphinganine by HPLC using a fluorescence spectrometer (Perkin Elmer, Wilton, CT). Standards containing all 3 sphingolipids were run at the beginning of each HPLC analysis and after every 9 samples.
For the pancreas, the above method was modified by combining the extraction and alkaline hydrolysis steps. Triplicate aliquots of homogenate containing 50 mg of tissue were added to 2 ml of a mixture containing 2 parts 0.2 M KOH in methanol and 1 part chloroform. The C: 20 sphinganine internal standard was added, and the mixture was shaken at 40°C for 90 min. Samples were cooled, 1.5 ml each of chloroform and alkaline water were added, and then the samples were mixed by inversion and centrifuged. The aqueous layer was removed, and the chloroform layer was washed 3 times with 4 ml of alkaline water. Samples were dried through Na2S04 columns, evaporated under nitrogen, derivatized, and then analyzed by HPLC as described above.
Statistical Analysis. The variables of interest were liver volume, liver/body weight ratio, wet/dry lung weight. lung and liver histologic scores, liver mitotic index, ALP AST, GGT, SDH, cholesterol, total bilirubin, bile acids.
sphinganine, sphingosine, and the sphinganine: sphingosine ratio. For each variable, a Spearman rank order correlation with day of euthanasia was calculated using an alpha level of 0.01 for statistical significance due to multiple hypothesis testing (27) . 
RESULTS

Clinical Signs
Two pigs, 1 pig scheduled to be euthanatized on day 3 and 1 pig scheduled to be euthanatized on day 4, developed clinical signs of respiratory distress on day 3 (see Table I ). The remaining pigs developed respiratory distress on day 4, and none survived beyond this day. Signs were consistent for all clinically ill pigs and included sudden onset of inactivity, increased respiratory rate and effort, flared nostrils, and vomiting. Signs developed 3.5-12 hr after the last treatment.
Clinical Pathology
The general trend for liver enzyme activity was for progressive increases in enzyme parameters beginning after 2-3 days of treatment (Table II) . However, ALP was mildly increased on day 1 with marked increases throughout the remainder of the study. SDH increased in all but 1 pig by day 2, and AST increased by days 3 and 4. Mean GGT levels increased by day 2 and remained FIG. 1.-Lung from a pig fed fumonisin-containing culture material at a dose of 20 mg FB,/kg for 4 days. Pulmonary edema is characterized by severe widening of the interlobular septa. slightly elevated through day 4, although individual values were variable throughout. The mean cholesterol concentration gradually increased throughout the study, but individual values varied. Bile acids increased progressively from day 2 to day 4, but this trend was not seen until day 3 for total bilirubin. The highest correlations were demonstrated by ALP, SDH, and total bilirubin (p > 0.8). There was high correlation with the duration of treatment as expressed by Spearman's rho for the following parameters: AST, GGT, cholesterol, and bile acids (0.7 < p < 0.8). As shown in Table II , the pigs that developed pulmonary edema were not necessarily those with the highest values for each parameter. The remaining parameters did not show much difference between pigs with or without pulmonary edema on day 3.
Pathology
The 12 pigs euthanatized on days 0, 1, and 2 did not have significant gross lesions. Two of the 5 day 3 pigs and all of the day 4 pigs had moderate to severe pulmonary edema (Table I) . Pulmonary edema was characterized by heavy, wet lungs that did not collapse upon opening the thoracic cavity and widened interlobular connective tissue (Fig. 1 ). A clear yellow fluid flowed freely from the cut surface of the lungs. In addition, 1 day 3 and 1 day 4 pig had generalized icterus. Pale livers were noted in 1 day 3 and 4 day 4 pigs.
Histologic lesions were observed in the lung and liver but not in the kidney, pancreas, or adrenal gland. Histologic alterations in the lungs were noted first in 2 day 2 pigs. The earliest pulmonary alterations consisted of slight edema of the perivascular and interlobular connective tissues with occasional lymphatic dilation. In lungs from clinically affected day 3 pigs, the edema was similar but more extensive, with 2 pigs also having peribronchial and peribronchiolar edema. Most of the day 4 pigs had marked edema of all connective tissues and walls of large airways (Fig. 2 ). Some of these pigs also had marked widening of the alveolar septa with edema fluid.
In the livers, mitotic hepatocytes were present in all pigs and became more numerous over the course of fumonisin treatment. In 3 of the 4 day 2 pigs, mild centrolobular hepatocellular swelling, heterophagic vacuoles, and apoptosis were seen. These same 3 pigs had more severe lung changes and higher SDH and AST enzyme activities than did the remaining day 2 pigs. Pigs from the day 3 and day 4 groups had more severe liver changes, with the most severe changes in 2 of the 6 pigs euthanatized on day 4. The day 3 and day 4 pigs also had hepatocellular dissociation and cord disorganization. Hepatocellular swelling and necrosis in the centrolobular and midzonal regions were especially evident on day 4 (Fig. 3) . The livers of most pigs from days 0 and I also had small numbers of lymphocytes, a few eosinophils, and occasional neutrophils in the portal regions.
Ultrastructural Pathology of Lung In the control (day 0) and day 1 pigs, phagocytized cellular debris was occasionally present within the pulmonary intravascular macrophages. By day 2, many of the capillary endothelial cells protruded into the lumen and had an undulating luminal plasma membrane. These cells had numerous slitlike processes within the region of the cytocavitary network adjacent to the nucleus (Figs. 4 and 5). Some of these spaces were partially or completely lined by membranous structures. In other endothelial cells, the fragmented membranous material predominated with fewer slitlike spaces (Fig. 6 ). Occasional endothelial cells were electron dense and shrunken; however, the cellular junctions were intact (Fig. 5A ). In pigs that had developed pulmonary edema, there was an increase in the number of affected endothelial cells, and the membranous material was more prominent and surrounded by free ribosomes. Many of the endothelial cells that contained the fragmented membranous material also had condensed mitochondria. Occasional endothelial cells were necrotic (Fig. 7A ), and some were present within phagocytic vacuoles of pulmonary intravascular macrophages (PIMs) (Fig. 7B ). These changes were more severe in some day 4 pigs. A few capillaries had segments of exposed basement membrane covered by fibrin or a PIM (Fig. 8 ). Cellular and membranous debris and fibrin and platelets were observed both free in the capillary lumen and in phagosomes of PIMs, and these cells were observed more commonly in the pigs with the most severe pulmonary edema. Additionally, pigs with pulmonary edema had alveolar septa widened by edema fluid, some small fibrin aggregates, and a few free red blood cells.
Quantification of Lung Edema
Lung Wet/Dry Weight Ratio. The lung wet/dry weight ratio was markedly elevated in all pigs with grossly evident pulmonary edema beginning on day 3 of fumonisin treatment (Table III) . This parameter was not correlated highly with the treatment duration (p = 0.52, p = 0.015).
Histologic Lung Scoring. Pigs from the day 0 and day 1 groups had histologic lung scores of 1 (no edema), except for I pig from each of these groups, which had a score of 2. In the day 2 group, 2 pigs had mild edema and were given scores of 3. The number of pigs with respiratory distress and the severity of the scores in- FIG. 3. -Livers from a control pig (A) and a treated pig (B) that was fed fumonisin-containing culture material at a dose of 0 (control) or 20 mg FB,/kg. There is hepatocellular swelling, hepatic cord disorganization, apoptotic bodies (arrows), and mitoses (arrowhead) in the treated pig liver. H&E. X 300. creased progressively over the next 2 days (Table III) ; pigs with respiratory distress had the highest histologic scores. Histologic lung scoring was correlated with duration of treatment (p = 0.70, p = 0.001).
Quantification of Hepatic Alterations
Liver Weight/Body Weight Ratio and Liver Volume, The liver weight/body weight ratio slowly increased during the study (Table III) . Volumes increased progressively. A better correlation existed for liver volume over time than for the liver weight/body weight ratio (volume: p = 0.92, p < 0.001; ratio: p = 0.75, p < 0.001). These changes were attributed to the normal growth of these pigs as compared with the controls (day 0). Liver Histologic Scoring. The histologic liver scores increased progressively beginning on day 2 of treatment (Table III) but did not distinguish between pigs with and without pulmonary edema (day 3). The trend of increasing scores over time was significant (p = 0.92, p < 0.001).
Liver Mitotic Index. The number of hepatocytes undergoing mitosis increased progressively after 2 days of treatment (Table III ). The 2 pigs that exhibited respiratory distress on day 3 had mitotic indices lower than those of the other pigs from that group but higher than those from the previous timepoints. These data correlated well with duration of treatment (p = 0.91, p < 0.001).
' Sphingolipid Alterations f The baseline concentrations of sphinganine and sphineosine, as seen in day 0 pigs, were greatest in lung (Table  IV) . After 1 day of treatment, sphinganine concentration was increased greatly over that of control pigs for all tissues except pancreas and continued to increase markedly through day 3 for lung and day 4 for liver and kidney (Table IV) . Pancreatic sphinganine gradually increased throughout the study. Hepatic and renal sphingosine were greatly increased on day 1, but pulmonary sphingosine concentrations were increased only mildly and pancreatic sphingosine was not different from that on day 0. On day 2, pulmonary sphingosine concentrations were 2-fold greater than those on day 1 and subsequently decreased slightly. Hepatic sphingosine concentrations on days 2-4 were mildly increased. Renal sphingosine increased through day 2 and then plateaued. Pancreatic sphingosine progressively increased after 2 days of treatment. The pulmonary, hepatic, renal, and pancreatic sphinganine : sphingosine ratios progressively increased through day 4, with the ratio for liver increased approximately 32-fold over that for controls on day I (Fig. 9 ). In day 3 pigs, pulmonary sphinganine and sphingosine concentrations were much higher in pigs without pulmonary edema, but the ratio was higher in pigs with pulmonary edema. The lower sphingoid base values in pigw ith pulmonary edema was attributed to a dilution oi concentrations of these sphingoid bases, a problem thal is eliminated by evaluating the ratio. In day 3 pigs witt pulmonary edema, hepatic, renal, and pancreatic sphinganine and sphingosine were greater than those of pigs without pulmonary edema, as were the ratios for kidne) and pancreas. 
DISCUSSION
This is the first study to examine, using pathologic and biochemical parameters including sphingoid base concentrations, the sequential development of fumonisin-induced lesions in the liver and lung of pigs and to examine the potential relationship between these endpoints in the pathogenesis of pulmonary edema. The FB 1 dose (20 mg/ kg body weight/day) used in this study was highly pulmonotoxic with pigs developing pulmonary edema on days 3 or 4 of treatment. A lag time was present between the initiation of treatment and the development of pulmonary edema since clinical signs were not seen before day 3. Similar results have been obtained by other investigators using oral or iv dosing routes, demonstrating that FB-induced pulmonary edema occurs within a narrow window, which is between 3 and 7 days after the onset of exposure to a pulmonotoxic dose (3, 9, 11, 20) . Pigs that do not develop pulmonary edema survive, but severe hepatotoxicity occurs (3) . The histologic scoring system used for evaluation of the pulmonary alterations detected fairly subtle changes over time. Pulmonary edema first appeared around vessels, then in the interlobular connective tissue, and finally involved the major airways. This finding suggests that initial changes occur at the level of the vasculature, as supported by the ultrastructural location of the edema. A) The endothelial cell is shrunken and electron dense compared with the adjacent cell (lower left), but the intercellular junction is intact (arrowhead). The cytoplasm has a large accumulation of slitlike spaces (arrow) and an undulating plasma membrane. X 10,000. B) Higher magnification of A. Many of these spaces are not lined by an identifiable membrane. X32,000.
FIG. 6.-Electron micrographs of a capillary from a pig fed fumonisin-containing culture material at a dose of 20 mg FB1/kg for 3 days. This pig developed pulmonary edema on day 3. A) The endothelial cell (e) protrudes into the capillary lumen (c) and has a large accumulation of membranous material (arrow) next to the nucleus. X 16,500. B) Higher magnification of (A). Fewer clefts are present as compared with Fig. 5B , and numerous free ribosomes are present. X48,000.
Fragmentation of the endoplasmic reticulum and Golgi apparatus, characterized by the membranous material and slitlike spaces, was observed in the alveolar capillary endothelial cells on day 2 and progressed to prominent membranous figures in pigs that developed pulmonary edema. Similar ultrastructural changes have not been reported previously in pulmonary endothelial cells of pigs and are not present in the pulmonary endothelium of sheep fed fumonisin-contaminated culture material or rabbits dosed iv with purified FBI (personal observations). The significance of these accumulations of membranous material in pulmonary capillary endothelial cells in the pathogenesis of porcine pulmonary edema needs to be investigated. Previously described ultrastructural changes in immersion-fixed lungs included the presence of &dquo;multilamellar bodies&dquo; in phagosomes of PIMs and vacuolation and loss of endothelial cells (3, 11) . In immersion-fixed lungs, it can be difficult to distinguish endothelial cells from PIMs, and therefore the presence of the membranous material in endothelial cells may have been missed. These findings suggest that the membranous material in PIMs originates, at least partly, from phagocytosed endothelial cell remnants rather than from the liver, as previously hypothesized (11) .
The liver-related parameters that best correlated with duration of treatment were ALP, SDH, total bilirubin, histologic liver score, liver volume, and liver mitotic index. Ingestion of FB-contaminated culture material induced hepatic damage 1 day before clinical signs of pulmonary edema were observed. The best clinical indicator of early hepatocellular damage was elevated SDH, which was first observed on day 2. The parameter of altered hepatic func- tion that correlated best with duration of treatment was total bilirubin, which remained at low levels until days 3 and 4. Although bile acid elevations were the earliest indicators of altered hepatic function, with increased values noted on day 2, these values were more variable than total bilirubin. Histologically, by day 2, half of the pigs showed mild hepatic alterations consisting of hepatocellular swelling and increased mitoses. At the same time, a progressive biochemical cholestasis developed, as shown by elevations in total bilirubin and bile acids. Hepatocellular apoptosis and necrosis were observed on days 3 and 4. Fumonisin-induced apoptosis has been described in other species such as the rat ( 13, 31 ) . In earlier swine studies, hepatic changes were referred to as necrosis, although some changes suggestive of apoptosis were described (3, 11, 19, 20) .
In general, marked elevations in concentrations of sphinganine and sphingosine occurred as early as day 1 in all tissues whether affected morphologically (lung, liver) or not (kidney, pancreas). The fact that alterations in sphingoid bases precede the earliest observable morphologic changes suggests that, on a temporal basis, the accumulation of sphinganine and sphingosine could be implicated in the cascade of events resulting first in hepatic damage and then in fatal pulmonary edema. In addition, in a previous study we demonstrated dose-dependent elevations in sphinganine and sphingosine in lung, liver, kidney, and serum from fumonisin-dosed pigs (23) .
Elevations in sphingoid bases are an excellent biomarker of exposure. However, it remains uncertain whether and how the sphingolipid alterations observed during the development of fumonisin toxicosis in swine account for the observed morphologic lesions and why an organ such as the kidney, which has marked sphingoid base alterations, is unaffected morphologically. In the lung, the membranous material observed ultrastructurally in the capillary endothelial cells could be due to the ac- Ca cumulation of sphingoid bases in the cytocavitary network because the biosynthetic pathway of sphingolipids involves transport through the endoplasmic reticulum and Golgi apparatus (17) . In cultured porcine pulmonary artery endothelial cells, the sphinganine concentration was increased within 3 hr of continuous exposure to FB, in the medium (22) . However, similar morphologic changes have not been observed in vitro (12) . These changes alone may not be sufficient to cause pulmonary edema, and cardiac dysfunction appears to play a major role (29) .
Pulmonary edema frequently occurs secondary to cardiac dysfunction.
Accumulation of sphingosine in particular has cellular effects including inhibition of protein kinase C activity and alteration of calcium concentrations in cardiac myocytes (5, 15) . Recent studies in our laboratory have shown that pigs fed fumonisin-contaminated culture material did have increased sphinganine and sphingosine concentrations in the heart and developed cardiotoxicity characterized by increased mean pulmonary artery pressure and decreased heart rate, cardiac output, mean aortic pressure, and pulmonary arterial oxygen tension (29) . It seems likely that abnormalities in sphingolipid biosynthesis caused the observed ultrastructural pulmonary endothelial changes and the cardiac physiologic changes. The question that remains is whether the pulmonary edema is a direct effect of fumonisin acting on pulmonary endothelial cells, an indirect effect of cardiotoxicity, or a combination of both. Also unexplained is the species specificity of pulmonary edema.
Casteel et al (2) reported right ventricular hypertrophy and medial hypertrophy of pulmonary arteries in pigs fed a diet containing 100-170 ppm FB1 for ~209 days. They hypothesized that the medial arterial hypertrophy may have been due to chronic smooth muscle contraction from sphingosine-induced calcium release, resulting in pulmonary hypertension. Mediators produced by endothelial cells or by PIMs may be involved in the development of pulmonary hypertension. The endothelium produces a number of vasoactive mediators such as endothelin, which is responsible for pulmonary hypertension in humans (16) . Endothelial cells also produce nitric oxide, which induces pulmonary artery relaxation (6) . Fumonisins may inhibit production of nitric oxide (also known as endothelium-derived relaxing factor) by pulmonary endothelial cells, thus indirectly causing pulmonary vasoconstriction with subsequent hypertension.
An explanation for the species specificity of fumonisin-induced pulmonary edema may be related to the finding that pigs, unlike many other species, have a large population of PIMs (30) . The large number of PIMs and their location in the pulmonary capillaries suggests that their release of vasoactive mediators can have dramatic effects on vascular hemodynamics. PIMs metabolize arachidonic acid, producing a number of vasoactive mediators, including thromboxane, prostacyclins, prostaglandins, and leukotrienes (1) . High levels of sphingosine are cytotoxic to macrophages (8) , and fumonisin-induced alterations of the concentrations of sphingoid bases or complex sphingolipids could induce production of vasoactive mediators. Similarly, the effect of fumonisins on sphin-FIG. 9.-Effects of fumonisin on the sphinganine: sphingosine (Sa:So) ratio in pigs orally dosed with fumonisin-containing culture material at 20 mg FB,/kg. Elevations in the ratio are present in tissues with morphologic changes (lung and liver) and in those histologically unaffected (kidney and pancreas). Bars represent the mean ratio (error bars = standard deviation). golipid metabolism may directly affect other PIM functions. Our laboratory has shown that pigs fed fumonisincontaining culture material have decreased clearance of particulate material, including bacteria, from the pulmonary circulation (28) . The role of altered sphingolipid metabolism in PIMs and in other cells and tissues in the pathogenesis of fumonisin-induced porcine pulmonary edema needs to be investigated further.
Based on these findings, 1 hypothesis for the mechanism of pulmonary edema focuses on the endothelium as a target for fumonisin. Fumonisin alters sphingolipid metabolism in endothelial cells with subsequent accumulation of bioactive metabolites (sphingosine and sphinganine) in the endoplasmic reticulum and Golgi apparatus. Signal transduction is affected in these endothelial cells with production of vasoactive mediators. PIMs may also produce vasoactive mediators following stimulation either by fumonisins directly or by interaction with damaged endothelial cells. These mediators could then produce pulmonary hypertension with increased endothelial permeability, ultimately resulting in fatal pulmonary edema. Much work on the mechanism of fumonisin toxicosis needs to be done, including further investigation of the role of cardiotoxicity. However, damage to the endothelium may be a pivotal event in the pathogenesis of not only porcine pulmonary edema but also the other fumonisin-induced species-specific diseases.
